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Abstract 

The buffer layer has been analysed by combined micro-Raman and micro-transmission experi- 
ments. The epitaxial graphene growth on the (0001) Si face of 6H-SiC substrates was tuned to 
get a mixed surface at the early stage of graphitization with i) bare SiC, ii) buffer layer and iii) 
in some localized areas small monolayers flakes on top of the buffer layer. These unique samples 
enabled to measure the Raman spectrum of the buffer layer (close to the Raman spectrum of a 
carbon layer with a significant percentage of sp^ bonds) and its corresponding relative extinction at 
514.5 nm. The Raman spectrum of the buffer layer remains visible after the growth of one mono- 
layer on top but, despite the relatively low absorption coefficient of graphene, the Raman intensity 
is strongly reduced (typically divided by 3). The buffer layer background will bias usual evalua- 
tions of the domain sizes based on the D/G integrated intensities ratio. Finally, several Raman 
maps show the excellent thickness uniformity and crystalline quality of the graphene monolayers 
and that they are subjected to a non uniform compressive strain with values comprised between 
-0.60% <e < -0.42%. 
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I. INTRODUCTION 



A major concern for epitaxial graphene on SiC (EG/SiC) is the interface structure be- 
tween the first graphene layer and the underlying SiC substrate. For usual (0001) SiC wafer 
orientation, it depends strongly on the growth conditions and orientation (Si vs C face) on 
which graphene is grown. For a recent review, see Ref. iL On the Si face, large homogeneous 
graphene monolayers (MLs) and bilayers (BLs) can be obtained on top of a 6\/3 x 6v^-R30 
SiC surface reconstruction (noted hereafter 6R3)Pi^. These graphene planes are Bernal 
(AB) stacked and the interface between the first graphene plane and the SiC is made of an 
intermediate C-rich layer (called buffer layer) which has covalent bonds with Si atoms of the 
substrat^^. On the C face, the situation is completely different. There is no buffer layer 
anymore. The interaction between the first graphene layer and the C atoms of the SiC-C 
face is reduced. Instead of a single 6R3, two different pristine surface reconstructions may 
exist below the first graphene layer: (2 x 2)c and (3 x 3). Moreover, the graphene layers 
may have several orientations on top of each surface reconstructiorP^^. Finally, the growth 
rate on the C face is higher, which makes the growth much more difficult to control at the 
full wafer scale. 

Coming back to the Si face, the main issue for electronic device applications has long been 
the disappointingly low mobility of carriers (usually few thousands cm^.V^^.s^^) compared 
to exfoliated graphene or EG grown on the C face (between 10000 to 27000 cm^. 
This was explained by the presence of the buffer layer acting as a primary source of carrier 
doping and scatterin^^^'^. The corresponding (residual) n-type doping is around 10^^ cm~^, 
pinning the Fermi level energy at about 420 meV above the Dirac point. As a conse- 
quence, to improve the transport properties, it is needed to avoid or remove the buffer layer. 
This has been done by passivating the Si dangling bonds either by post-growth hydrogen 
annealin^^^'^ or by growing graphene with propane CVD with H2 gas vectoi'^. In both 
cases, controlling the degree of passivation by fast, non-destructive, optical techniques is 
important to improve the results. 

Unfortunately, to date, the crystalline and electronic structure of the buffer layer has only 
been studied by XPS, LEED and ARPES measurement^nHlHlS 'jj-^gy confirmed the semi- 



2 



conducting character as theoretically predicteci^, but the optical response remains to be 
investigated. Up to now, despite the fact that optical experiments "easier" to perform, the 
Raman spectrum of this buffer layer has only been evidenced once by performing depolarized 
Raman spectroscopy experiment^. The reduction of the intensity of the 2nd-order SiC 
Raman spectrum enabled direct observation of the usual D and G Raman bands of graphitic 
materials. This technique was successful to evidence the large structural compressive strain 
of EG monolayers grown on the Si face. However, half of the G band intensity is lost when 
using an analyser and the buffer layer spectra were still perturbed by the remaining part of 
the 2nd-order Raman spectrum of the SiC substrate. 

In this work, we focus on the optical response of the buffer layer and, especially, on 
the comparison of its optical absorption and Raman response. We first describe how the 
graphene growth was tuned at the early stage of graphitization to get a mixed surface with 
the coexistence of bare SiC, buffer layer areas and small monolayers flakes on top of the 
buffer layer. Then, the Raman spectra and relative extinctions of the buffer layer and the 
monolayer on top of the buffer layer are detailed and compared. Finally, micro-Raman and 
micro-transmission maps of these samples are presented. 

II. EXPERIMENTS 

Graphene was grown on top of 0.8 x 0.8 cm^ semi-insulating, on-axis, 6H-SiC(0001) 
substrates using a commercial RF-induction furnace from JipelecP^. Before sublimation, 
the samples were cleaned using standard clean-room compatible RCA treatments. To focus 
on the early stage of growth, we performed graphitization under Ar close to atmospheric 
pressure. To achieve two different stages of graphitization, the samples were heated for 
20 min at 1800 and 1850°C. They were first characterized by conventional techniques, 
like optical microscopy, scanning electron microscopy (SEM) and atomic force microscopy 
(AFM). Then, combined micro- Raman spectroscopy and micro-transmission measurements 
were done, using a Jobin Yvon-Horiba T64000 spectrometer in the confocal mode fitted 
with a xlOO microscope objective. The 514.5 nm line of an Ar ion-laser was used for 
excitation. The spot diameter was 1 /xm, with 1-mW incident power below the objective. 
A more detailed description of the experimental configuration can be found in Refs.l25landl26l 
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FIG. 1. a) SEM pictures of a partly graphitized surface. Three areas can be distinguished. The 
light grey in the left and right hand-side of the image corresponds to bare SiC, the mid grey area 
corresponds to a large SiC surface fully covered by the buffer layer (~ lOfim large step). On top 
of this buffer layer, darker flakes appear and correspond to graphene monolayers on top of the 
buffer layer. A typical example, corresponding to the square area is enlighted in Fig. [Tja. b) AFM 
zoom of five monolayers flakes selected in the square area of Fig. [TJi. The step height between the 
buffer and the flakes ranges from 3 to 4 A, which strongly suggests that the flakes are graphene 
monolayers. 



III. RESULTS AND DISCUSSION 
A. Buffer layer 

On the first sample, grown at 1800°C for 20 min, the graphitization was not at all ho- 
mogenous. This is shown in the SEM and AFM pictures of Fig. [T| Consider, first. Fig. [1^. 
On the right and left parts, unreconstructed terraces are still made of bare SiC. In between 
a large step, fully reconstructed, is covered by the buffer layer. On top of this buffer layer, 
small graphene monolayer flakes start developing. In the SEM picture, the bare SiC areas 
appear as light grey, while the SiC part covered by the buffer layer are shown as mid grey. 
On top of the buffer layer, the small (darker) objects are monolayer flakes. For convenience, 
five of them have been enlighted in the square. In Fig. [T]d, they have been probed by 
AFM, which reveals a topological height difference between 3 and 4 A, without any trace of 



wrinkles. This suggests that these flakes correspond to graphene MLs on top of the buffer 
layer. 

To confirm these results, Raman spectra were collected on these three different areas. 
Raw spectra are shown in the insert of Fig. |2} They confirm that the light grey areas seen 
in Fig. [pi correspond to bare SiC, with only the typical 2nd-order Raman spectrum of 6H- 
SiCp3. The buffer layer spectrum, collected on the large reconstructed terrace (mid-grey 
area in Fig. [T^) is displayed in blue. At first glance, it seems very close to the SiC one 
with, however, some differences. The main (visible) differences are: i) a broad band around 
1300 cm~^ ii) a high energy broadening of the strong 2nd-order SiC Raman feature at 1550 
cm~^ and iii) the apparition of two broad and weak bands between 2800 and 3000 cm~^. 
Finally, in red, the small flakes exhibit the typical fingerprint of graphene with a narrow 
2D mode and G mode overimposed on the 2nd-order SiC overtones. From these spectra, 
after proper substraction of the SiC Raman fingerprint, the Raman spectra of the buffer 
and the monolayer on top of the buffer can be obtained. They are shown in Fig. |2] (bottom 
spectrum) and Fig. [3| respectively. 

Consider first the Raman spectrum of the buffer layer. It has all the hallmarks highly 
functionalized graphene or graphene oxide spectra'^. It displays mainly two large bands, 
with a broad D-like feature at 1337 cm~^ (FWHM = 135 cm~^) and a G-like band at 1584 
cm^^ (FWHM = 65 cm~^). In between is a small hump at 1515 cm~^. This additional 
feature has already been observed and ascribed to trans-polyacetylene (t-PA) chains formed 
at the grain boundaries of nano-crystalline diamond d^^ * ^^ *. The spectrum does not exhibit 
any sharp 2D-band, but broad 2D and D+G overtones extending from 2400 to 3000 cm~^. 
The large D band and D/G ratio indicate a large number of crystalline defects with domain 
size Ld of the order of 1 nmpSl. The Raman spectrum of the buffer layer is indeed very 
close to the one observed in Ref. |30] for graphene after ion implantation with 10^^ Ar+-ion 
cm~^. It confirms the usual picture of an initial coverage by a C-rich buffer layer made of 
graphitic-like clusters bonded to the SiC surface by a significant percentage of sp^ C atom^. 
This spectrum has been modeled by using a 5-oscillators fit, with parameter values listed in 
Table [1} The result is shown as full line in Fig. |2j In order to check the reproducibility, 4 
spectra were collected at different points of this sample; 4 other spectra were collected on the 
sample grown at 1850°C using the same acquisition conditions (3xl50s). All the parameter 
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FIG. 2. Raman spectrum of the buffer layer obtained after SiC spectrum substraction. Notice the 
large and broad D and G bands. Notice also the weak trans-polyacethylene contribution noted 
t-PA. This spectrum does not exhibit any sharp 2D-band, but only broad 2D and D+G overtones 
extending from 2400 to 3000 cm^^. The relative extinction value rj = 0.88% is extracted from 
micro-transmission measurements. The red line is a fit calculated with parameter values listed in 
Table |I| Insert: raw Raman spectra of bare SiC, the buffer layer and a monolayer graphene flake 
on top of the buffer layer. 

values used to fit these 8 different spectra are compared in Table [T] and show that the 50°C 
increase do not change significantly the Raman fingerprint of the buffer layer. Finally these 
values are also compared to the ones extracted from the Raman mapping of Fig. |4j In this 
case, the standard deviations are higher because the shorter acquisition time of 2 x 10 s 
decreases the signal to noise ratio. 

Before closing this section, one should notice that the Raman integrated intensity of the 
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buffer layer is extremely strong compared to the one collected from graphene monolayer. 
It should also be compared to the relative extinction induced at 2.41 eV (5145 A) by the 
presence of this buffer layer. Averaging over a large number of micro-transmission data 
points (from point by point and mapping measurements), we find a typical value t] = 
0.88 ± 0.03% that corresponds approximately to | of the relative extinction value for a 
monolayer of graphene on SiC (1.23%)^^. From a qualitative point of view (and considering 
that only the sp^ bonds contribute to the optical conductivity in this energy range) this 
suggests that the buffer layer is made of | of sp^ bonded C atoms. The remaining ^ of the 
C atoms should then form sp'^ bonds with the Si atoms of the SiC substrate, which would 
not contribute (or only weakly) to the optical extinction. This ratio between sp^ and sp^ 
bonds is in good agreement with previous structural studied. 

B. Monolayer graphene on top of the buffer layer 

Let us now consider the small flakes shown in Fig. [ijo on top of the buffer layer. As 
already said, the striking difference with respect to the buffer layer alone is that the Raman 
spectra shown in Fig. [2] (insert) and Fig. |3] reveal now the sharp 2D-band of graphene at 
2751 cm~^ with FWHM = 28.9 cm~^. A narrow G-band appears also at 1607cm~^ with 
FWHM = 18.6 cm^^. Below these true graphene features, remain the broad D and G bands 
previously found on the buffer layer (simply attenuated). This is best seen in Fig. |3] in 
which two contributions have been used to fit the experimental results. One comes from 
the graphene monolayer. The second one comes from the buffer layer underneath. For the 
graphene monolayer, we use three lorenzian functions for the D, G and 2D bands, with 
parameter values listed in Table |TTj For the buffer layer, we take the Raman fingerprint 
of Fig. |2] multiplied by a proportionality factor of 0.29. The result of the fit is displayed 
as red line in Fig. [3j We also plotted as blue and green lines, the separate contributions 
coming from the graphene flake and the buffer layer underneath, respectively. Notice that 
the small width of the lorentzian 2D-band is not new. It is typical of graphene MLs or 
twisted multilayers on top of SiC or Si02/Sp^'^^^. The normalized integrated intensity of 
the G band that corresponds to the monolayer contribution (fitted in blue) is also not new. 
We recover a value close to 0.03 which corresponds well to ML d^^ * ^^ l Finally, we ascribe the 
sharp (additional) D band arbitrarily to ML graphene since it is impossible to discriminate if 
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FIG. 3. Raman spectrum collected for a graphene monolayer grown on top of the buffer layer. 
The corresponding relative extinction is ij = 2.14 it 0.05%. This spectrum was fitted (red line) by 
adding two contributions. The buffer layer contribution (green line) is calculated by multiplying 
by 0.29 the Raman fingerprint of the buffer layer shown in Fig. [2] The monolayer contribution 
(blue line) is calculated with three lorenzian functions to fit the sharp D, G and 2D bands. We 
ascribed the additional D band arbitrarily to the graphene monolayer. It is indeed impossible to 
discriminate if it comes really from defects in the monolayer or from crystalline modification in the 
buffer layer. 

it comes really from defects in the monolayer or from crystalline modifications in the buffer 
layer. 

To complement these results, we measured the relative extinction of the whole stack: 
buffer layer plus ML graphene flake. We found r] = 2.14 ± 0.05% compared to bare SiC and 
r] = 1.27 ±0.03% compared to the buffer layer. This is in excellent agreement with previous 
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TABLE II. Parameters used to fit the Raman spectrum of the graphene monolayer on top of the 
buffer layer shown in Fig. [3j The buffer ratio corresponds to the proportionality factor by which 
the buffer fit function is multiplied to reproduce the attenuated buffer Raman spectrum that is 
still visible. The parameters used to fit the HOPG spectrum is also displayed since it is used as 
frequency and intensity reference. The G band integrated intensity of the monolayer normalized 
by the HOPG one gives a value of 0.038 confirming that these fiakes are monolayers. Finally we 
also show the average and standard deviations of the parameters used to fit the five monolayers 
flakes in the Raman mapping shown in Fig. |4] 
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results collected for ML graphene on the C-facd^^*^. Simply, with respect to the C-face, an 
offset value of 0.88 ± 0.03% has to be taken into account to consider the absorption due to 
the buffer layer. 

Finally, it is interesting to consider the two different behaviors of the graphene buffer layer 
noticed in transmission and Raman scattering. Indeed, while the absorbance are simply 
additive, the buffer layer Raman intensity is divided by 3 when covered by a graphene ML. 
This fact cannot be explained by the ML graphene attenuation of the Raman signal since 
ML graphene flake absorbs only 1.2 to 1.4% of the light on a SiC substrate. The strong 
integrated intensity of the buffer signal can be related to bond polarizabilities disorderly. 
This kind of disorder can be efficient even in the perfectly periodic 6R3 structure, since the 
corresponding supercell is large. A strong coupling between graphene and buffer has already 
been evidenced by LEED or STM^'', by the unusual band structure observed using ARPE^^ 
and by the low carrier mobility observed from magnetotransport experimentd^^^ . This 
coupling between buffer and the well ordered graphene could decrease the polarizabilities 
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fluctuations, thereby reducing the buffer signaL This phenomenon deserves more thorough 
theoretical investigations. 

C. Micro- Raman and micro-transmission mapping 

To complement these results, the AFM area of Fig. [T]d has been imaged combining micro- 
Raman and micro-transmission measurements. 20 x 10 fim^ maps with 0.25 /im steps were 
collected with an acquisition time of 2 x 10 s. The 3239 spectra were independently fitted. 
The extracted results are shown in Fig. |4j The first one shows the buffer relative intensity 
ratio in the Raman spectra on which three different areas can be clearly distinguished. The 
bare SiC surface with no buffer signal appears in blue with a buffer ratio of on the left and 
right parts of the map. Second, the reconstructed SiC surface step covered by the buffer 
layer appears in red with a buffer ratio equal to 1. Finally, the graphene monolayer flakes 
on top of the buffer layer appears also in blue with a buffer signal divided by 3. The second 
map displays the corresponding relative extinctions from 0.8 to 0.9% for the buffer layer and 
between 2.1 and 2.2% for the monolayer on top of the buffer layer. The relative extinction 
values measured on the five different flakes, and the normalised integrated intensity of the 
G band (not shown), confirm the excellent thickness uniformity of the flakes. Notice that 
the relative extinction is higher on the edge of the reconstructed step, especially on the right 
part of the step. However, this higher relative extinction (close to 2%) is not due to the 
presence of graphene monolayers on the step edge but comes from light scattering induced 
by the step that attenuates the transmitted intensity. 

Finally, let us come to the evaluation of the residual (built-in) strain. The two last maps 
show that both the G and 2D bands are strongly blue shifted (by more than 70 cm~^ for 
the 2D band) compared to epitaxial graphene grown on the C face of a SiC substrat^. 
This is typical of the compressive strain usually observed on the Si face of SiC and comes 
from the difference between the thermal expansion coefficients of graphene and SiCP^. If we 
assume that most of the shifts is due to this compressive strain, we can evaluate the strain 
using the relaxed position of graphen^^U (1579.5 cm-1 for the G band and 2674 cm-1 for 
the 2D band using a 514.5 nm excitation wavelength) and the Griineisen parameter^ (1.8 
for the G band and 2.6 for the 2D band). This gives an average strain e = —0.51% (with 
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FIG. 4. Combined micro-Raman spectroscopy and micro-transmission mapping of the area shown 
in Fig. [T] The buffer ratio, the relative extinction and the position of the G and 2D bands of the 
graphene are displayed. On the buffer map, we can clearly distinguished three areas: bare SiC 
substrate in blue with no buffer signal, the reconstructed SiC surface step covered by the buffer 
layer in red and finally the graphene monolayers flakes in blue with a Raman buffer signal divided 
by 3. The relative extinction shows also the values already reported around 0.8% for the buffer 
and 2% for the graphene on top of the buffer layer. Finally, the G and 2D bands of the graphene 
are strongly blueshifted. It indicates that these flakes are highly compressively stressed by the SiC 
substrate. 
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0.03% standard deviation) from the G band position and e = —0.56% (with 0.03% standard 
deviation) from the 2D band. The good agreement between these two values confirm that 
most of the blueshift is due to the strong built-in (compressive) strain. Of course, there is 
an additional (minor) part due to the n-type doping induced by the buffer layer, but from 
these experiments it could not be evaluated. 

This large strain amplitude is confirmed by the absence of any wrinkles on the graphene 
flakes, as shown by AFM in Fig. [T]d. The formation of wrinkles is one of the strain relaxation 
mechanism commonly observed on the C-face of epitaxial graphene. Finally, we can also 
remark on the two maps of the G and 2D band position, that, despite the relatively small 
size of these flakes, this strain is not homogeneous: about 20 cm^^ variations are observed 
on the 2D band position. The strain value are comprised between —0.60% < e < —0.42%. 

D. Graphene grown at 1850°C 

On the second sample, grown at 1850°C, a slightly more advanced state of graphitization 
was achieved. This resulted in larger homogeneous flakes, typically in the range of few 
microns. The SEM image shown in Fig. |5] reveals that these graphene monolayer flakes 
grow anisotropically, with a flower-like shape. This is similar to the case of CVD graphene 
grown on metaP^. We also remark that a second growth mechanism starts at the edges of 
the reconstructed steps. Unfortunately, on this sample Raman spectroscopy did not reveal 
any bare SiC terrace. The whole sample surface was indeed covered by the buffer layer with 
exactly the same spectrum as the one shown previously in Fig. |2] Micro-Raman and micro- 
transmission mapping (also shown in Fig. |5| have been performed on this area with 0.5/im 
steps and reveal thanks to the relative extinction and the normalised integrated intensity 
of the G band that the flower-like flakes are still homogenous and uniform monolayers of 
graphene. This is not true at the edges of terraces, where starts to grow a non controlled 
mix of mono, bi and trilayer. From the 2D-band position mapping, we can observe again 
that even in the larger flakes, the strain in the graphene is absolutely not homogeneously 
spread, higher in the center of the flake. This inhomogeneity induces a broadening of both G 
and 2D bands. It should also be taken into account for future device fabrication since it can 
alter all the processing steps and may affect the transport properties for further applications. 
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FIG. 5. SEM image of an advanced stage growth of monolayer of graphene on the Si-face at 1850°C. 
Raman map of the 2D band position of the same area. 
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IV. CONCLUSION 



The Raman spectrum and relative extinction of the buffer layer have been measured. 
Its Raman spectrum corresponds to those observed for graphene layers with a significant 
percentage of sp^ bonds. Its relative extinction rj = 0.88±0.03% corresponds, approximately, 
to I of the graphene one. The Raman spectrum and the relative extinction value are 
consistent with the known ratio of sp^/sp^ bonds of the buffer layer. We have also shown 
that the buffer layer Raman spectrum is still visible when graphene monolayer has been 
grown on top of it. The buffer layer background will bias usual evaluations of the domain 
sizes based on the D/G integrated intensities ratio. Indeed, it is impossible to discriminate 
wether the observed D band comes from the buffer layer or from the graphene monolayer. 
These experiments yield a fast and easy way of understanding and detecting the presence 
of the buffer layer and its crystalline reconstruction upon different annealing conditions 
(hydrogenation, oxidation for instance). 

The strong coupling existing between the graphene monolayer and the buffer layer (previ- 
ously evidenced by STM, LEED, ARPES and theoretical studies) is confirmed by our optical 
results. The first clue (which was already evidencecP^ is the high strain of the monolayers 
grown on top of the buffer layer —0.60% < s < —0.42%. The graphene layers are indeed 
pinned by the buffer layer which prevents wrinkles formation and therefore the strain relax- 
ation. The second clue, our most striking result, is the strong Raman intensity reduction 
of the buffer layer due to the presence of the graphene overlayer. The intensity is divided 
by 3. A plausible explanation is related to the strong coupling existing between graphene 
and the buffer layer. This coupling could decrease the polarizabilities fluctuations of the 
buffer layer and therefore its Raman intensity. This phenomenon deserves more thorough 
theoretical investigations. 
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